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In resting cells, the NFAT1 transcription factor is kept inactive in the cytoplasm by phosphorylation on
multiple serine residues. These phosphorylated residues are primarily contained within two types of serine-rich
motifs, the SRR-1 and SP motifs, which are conserved within the NFAT family. Several different kinases have
been proposed to regulate NFAT, but no single candidate displays the specificity required to fully phosphor-
ylate both types of motifs; thus, the identity of the kinase that regulates NFAT activity remains unclear. Here
we show that the NFAT1 serine motifs are regulated by distinct kinases that must coordinate to control NFAT1
activation. CK1 phosphorylates only the SRR-1 motif, the primary region required for NFAT1 nuclear import.
CK1 exists with NFAT1 in a high-molecular-weight complex in resting T cells but dissociates upon activation.
GSK3 does not phosphorylate the SRR-1 region but can target the NFAT1 SP-2 motif, and it synergizes with
CK1 to regulate NFAT1 nuclear export. We identify a conserved docking site for CK1 in NFAT proteins and
show that mutation of this site disrupts NFAT1-CK1 interaction and causes constitutive nuclear localization
of NFAT1. The CK1 docking motif is present in proteins of the Wnt, Hedgehog, and circadian-rhythm
pathways, which also integrate the activities of CK1 and GSK3.

The activity of transcription factors is tightly regulated by a
variety of mechanisms. One class of transcription factors
achieves strict regulation through control of subcellular local-
ization, existing in an inactive or unstable state in the cyto-
plasm until they are activated in response to signals transduced
from cell surface receptors (reviewed in reference 7). Upon
activation, the transcription factors translocate from the cyto-
plasm to the nucleus, where they induce gene expression. This
strategy is employed by diverse families of transcription fac-
tors, including those in the Wnt, Notch, Hedgehog, STAT,
SMAD, NF-�B, NFAT, and Pho4 signaling pathways (re-
viewed in references 7, 27, and 31). In each of these cases,
phosphorylation is utilized as a means of regulating nuclear
translocation of the latent cytoplasmic transcription factor,
although the precise mechanisms and signaling pathways in-
volved differ widely.

NFAT is an example of a latent transcription factor whose
subcellular localization, DNA binding, and transcriptional activity
are all dictated by its phosphorylation state. The NFAT family is
composed of four calcium-regulated members, NFAT1 (also
known as NFATc2 or NFATp), NFAT2 (NFATc1, NFATc),
NFAT3 (NFATc4), and NFAT4 (NFATc3, NFATx), that play an
essential role in immune function as well as in development of the
cardiac, vascular, and immune systems (reviewed in references 12

and 18). NFAT proteins are located in the cytoplasm of resting
cells, where they exist in a heavily phosphorylated inactive state.
In response to calcium-mobilizing stimuli they are partially de-
phosphorylated by calcineurin, a calcium-dependent phospha-
tase, and translocate into the nucleus (reviewed in references 11,
23, 29, and 45). Treatment of stimulated cells with calcium chela-
tors or the calcineurin inhibitor cyclosporin A (CsA) results in the
rapid rephosphorylation of NFAT and its export out of the nu-
cleus.

The responsiveness of NFAT proteins to calcium signaling is
mediated through their regulatory domains, which contain
both the calcineurin binding site and the majority of the serine
residues that are phosphorylated in resting cells. Mass spec-
trometric analysis has demonstrated that the regulatory do-
main of NFAT1 is constitutively phosphorylated at 18 serine
residues in resting T cells (41). Twelve of these phosphorylated
residues are contained within two distinct types of serine-rich
sequence motifs, the SRR-1 and SPXX repeat motifs (referred
to below as SP motifs), which are recognizably conserved
throughout the NFAT family (see Fig. 1A). The SRR-1 region
is the primary region involved in NFAT nuclear import,
whereas the SP motifs have been reported to control DNA-
binding affinity and nuclear export (5, 40, 41). Several kinases,
including glycogen synthase kinase 3 (GSK3), casein kinase 1
(CK1), p38, and c-Jun N-terminal kinase 1 (JNK1), have been
suggested to regulate NFAT function (6, 10, 17, 42, 56, 58;
reviewed in references 23 and 29). However, no single pro-
posed kinase displays the specificity required for full phosphor-
ylation of both the SRR-1 and SP motifs.

Here we demonstrate that NFAT1 regulation involves the
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concerted effort of distinct kinases to phosphorylate each of
the two types of serine motifs. CK1 specifically phosphorylates
only the NFAT1 SRR-1 motif by docking at a site that is
conserved in the N-terminal regions of all four NFAT proteins,

and disruption of CK1 docking is sufficient to cause aberrant
nuclear translocation of NFAT1. CK1 and NFAT1 are present
in a high-molecular-weight complex in resting T cells that dis-
sociates upon activation. GSK3 is not present in this complex
but can phosphorylate NFAT SP motifs if suitably primed and
can synergize with CK1 to promote NFAT1 nuclear export.
The NFAT pathway resembles the Wnt, Hedgehog, and circa-
dian-rhythm pathways in being regulated by the combined ac-
tivity of CK1 and GSK3, and we demonstrate that the circadian
rhythm protein mPER2 also contains a functional CK1 dock-
ing motif.

MATERIALS AND METHODS

Expression plasmids and GST fusion constructs. The expression plasmid
pEFTAGmNFAT1c, encoding full-length murine NFAT1 with three copies of
the hemagglutinin (HA) epitope at the N terminus, and the glutathione S-
transferase (GST) fusion proteins GST-NFAT1(1-415) and GST-NFAT2(1-418)
have been described previously (36, 37). GST-NFAT4(1-371) was generated by
subcloning a PCR product encoding the first 371 amino acids of human NFAT4
into the pGEX6P-2 vector (Pharmacia). Plasmids pV367, encoding full-length
HA-tagged CK1�, pV371, encoding full-length CK1ε with an HA tag, and
pV570, encoding HA-tagged CK1ε truncated at amino acid 319, have been
described elsewhere (46). The NFAT1 fusion constructs GST-NFAT1(149-183)
and GST-NFAT1(1-100) were created by subcloning PCR products generated
from murine NFAT1 into pGEX6P-2. The NFAT1(LDFS), NFAT1(DE),
NFAT1(F30F34), and NFAT1(F34) point mutations were created by synthesiz-
ing oligonucleotides containing the appropriate substitutions, which were then
used as PCR primers. The resulting PCR products were used to replace the
corresponding sequences encoded in the GST-NFAT1(1-100) and NFAT1(1-
460)-GFP (4) expression vectors.

Protein purification and kinase assays. Whole-cell extracts were prepared by
Dounce homogenization of Jurkat cells in hypotonic lysis buffer (50 mM Tris [pH
7.9], 10 mM NaCl, 10% glycerol, 0.05% Triton X-100, 1 mM EDTA, 1 mM
EGTA, 1 mM dithiothreitol [DTT], 20 mM �-glycerol-phosphate, 10 mM so-
dium pyrophosphate, 10 mM NaF, 1 mM phenylmethylsulfonyl fluoride [PMSF],
10 �g of aprotinin/ml, 10 �g of leupeptin/ml). Lysates were spun for 10 min at
20,000 � g, followed by a high-speed spin for 1 h at 100,000 � g in the ultra-
centrifuge. The supernatant was loaded onto a POROS HQ column (Applied
Biosystems) and eluted with a 0 to 400 mM NaCl gradient. In vitro kinase assays
were performed on GST-NFAT1 fusion proteins by incubating column fractions
and kinase buffer (20 mM HEPES, 20 mM MgCl2, 1 mM DTT, 10 mM �-glyc-
erol-phosphate) in a final volume of 30 �l in the presence of 20 �M ATP and 2
�Ci of [�-32P]ATP for 20 min at 30°C. Fractions enriched for NFAT1 kinase
activity were pooled and dialyzed against buffer B (50 mM HEPES [pH 7.2], 10%
glycerol, 1 mM DTT, 1 mM PMSF) before fractionation over a POROS HS
column (Applied Biosystems). Proteins were eluted by using a NaCl step gradi-
ent, and the bulk of SRR-1 kinase activity was observed between 400 and 500
mM NaCl. After concentration on a Centriplus 30 spin column (Amersham), the
sample was loaded onto a Superdex 200 gel filtration column (Pharmacia).
Fractions were analyzed for NFAT1 SRR-1 kinase activity and were subjected to
silver staining to identify candidate bands that coincided with the fractionation of
this activity. Six bands that cofractionated with SRR-1 kinase activity were ex-
cised and analyzed by mass spectrometry. A prominent band between 35 and 40
kDa whose fractionation coincided most closely with kinase activity was identi-
fied as CK1�. Two other candidate bands of slightly lower molecular weight
(presumably degradation products) also contained multiple peptides correspond-
ing to CK1. No other kinases were identified in the mass spectrometry analysis.

The ability of GSK3 or CK1 to phosphorylate NFAT1 was examined by first
prephosphorylating GST-NFAT fusion proteins with 100 U of recombinant pro-
tein kinase A (PKA) (New England Biolabs [NEB]) in the presence of 1 mM cold
ATP for 4 h at 30°C. After being primed with PKA, fusion proteins were washed
repeatedly to remove the kinase and ATP. The prephosphorylated fusion pro-
teins were then incubated with 100 U of GSK3 (NEB) or 50 U of CK1 (NEB) in
kinase buffer along with 3 �Ci of [�-32P]ATP for 20 min at 30°C.

Coprecipitation and Western blotting. Jurkat T cells were used for immuno-
precipitation of endogenous NFAT1 and CK1. Either resting cells or cells that
had been stimulated for 15 min with 1 �M ionomycin in the presence of 2 mM
CaCl2 were lysed by resuspension in Triton X-100 lysis buffer (50 mM Tris [pH
7.5], 140 mM NaCl, 10% glycerol, 0.05% Triton X-100, 1 mM EDTA, 1 mM
EGTA, 10 mM �-glycerol-phosphate, 1 mM PMSF, 10 �g of aprotinin/ml, 10 �g

FIG. 1. NFAT1 is phosphorylated by two distinct kinases. (A) N-
terminal regulatory domain of NFAT1, showing the conserved serine
motifs and relative positions of phosphorylated serine residues iden-
tified in NFAT1 from resting T cells. Shaded circles, conserved phos-
phoserines that become dephosphorylated upon stimulation; open cir-
cles, nonconserved or constitutively phosphorylated serines. GST(149-
183) includes only the region containing the NFAT1 SRR-1 motif,
while GST(1-415) encompasses the entire NFAT1 regulatory domain.
(B) Fractionation of T-cell lysates over a cation-exchange column
reveals two separate peaks of kinase activity when GST(1-415) is used
as a substrate (shaded circles). Assay of the same fractions using
GST(149-183) as a substrate shows that only one of these peaks con-
tains an activity that is able to phosphorylate the SRR-1 motif (solid
diamonds). (C) Autoradiograph of kinase assays from the fraction-
ation shown in panel B. NFAT1 kinase activity was assessed by incu-
bating an aliquot from each fraction with either GST(1-415) or
GST(149-183) in the presence of [�-32P]ATP. For GST(1-415), there
are two peaks of activity: fractions 33 to 37 and fractions 49 and 50 (top
panel). For GST(149-183), only the activity present in fractions 49 and
50 is capable of efficiently phosphorylating the fusion protein (center
panel). Mutation of the conserved serines in the SRR-1 motif to
alanine completely abolishes phosphorylation of GST(149-183) by the
kinase activity present in fractions 49 and 50 (bottom panel).
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of leupeptin/ml). Lysates were spun for 10 min at 14,000 rpm in an Eppendorf
5417R microcentrifuge before spinning for 30 min at 100,000 � g in an ultra-
centrifuge. Supernatants were then precleared for 30 min with protein A-Sepha-
rose before immunoprecipitation for 3 h with an NFAT1 antibody. For GST
pulldown experiments, HEK 293 cells were transiently transfected with expres-
sion vectors containing CK1� (pV367) or CK1ε (pV371). Cells were lysed in a
buffer containing Triton X-100, and lysates were clarified by spinning at 20,000 �
g for 15 min at 4°C. Cell lysates were incubated with GST or a GST-NFAT fusion
protein bound to glutathione beads for 2 h at 4°C. Fusion proteins were washed
with Triton X-100 lysis buffer, separated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE), and Western blotted with antibodies
against CK1� (Santa Cruz Biotechnology) and CK1ε (Transduction Laborato-
ries) to detect bound proteins.

Immunocytochemistry. For the nuclear export studies, the murine T-cell clone
D5 (44) was incubated with 150 to 300 �M CKI-7 inhibitor (Seikagaku) and/or
10 mM LiCl (or an equivalent amount of dimethyl sulfoxide [DMSO] and 10 mM
NaCl) for 1 h before being stimulated with 1 �M ionomycin in the presence of
2 mM CaCl2. After 10 min, 1 �M CsA was added to inhibit calcineurin activity
and allow the rephosphorylation of NFAT1. Aliquots of cells were taken at the
indicated intervals and fixed on coverslips, and localization of the endogenous
NFAT1 was detected with a polyclonal anti-NFAT1 antibody (22) followed by
Cy3-conjugated anti-rabbit immunoglobulin G (Jackson Immunoresearch Lab-
oratories). For experiments examining the effect of CKI-7 or LiCl on resting
NFAT1, we utilized a HeLa cell line stably expressing the regulatory domain of
NFAT1 fused to green fluorescent protein (GFP) [NFAT(1-460)-GFP] (4). Cells
were incubated for 2 h with the export inhibitor leptomycin B (LMB; Sigma) at
20 nM in addition to either DMSO, 10 mM LiCl, or 300 �M CKI-7. NFAT1 was
detected by GFP fluorescence. To examine the effects of CKI-7 on CK1 and
GSK3 activities, GST(1-415) was first primed with PKA as described above and
then added to purified GSK3 (NEB) or CK1 (NEB) that had been preincubated
with increasing concentrations of CKI-7 or 10 mM LiCl, along with [�-32P]ATP.

RESULTS

Identification of the SRR-1 kinase as CK1. To identify po-
tential NFAT1 regulatory kinases, we fractionated T-cell ly-
sates over a sequence of ion-exchange columns. The activity of
kinases capable of phosphorylating the NFAT1 regulatory do-
main was monitored by using a GST fusion protein encom-
passing this region [GST(1-415)] (Fig. 1A). These experiments
revealed the presence of two distinct peaks of kinase activity
capable of phosphorylating the NFAT1 regulatory domain
(Fig. 1B and 1C, top panel; fractions 30 to 40 and fractions 49
and 50). To further investigate the target of these kinases, we
constructed a shorter fusion protein [GST(149-183)] that en-
compasses the SRR-1 motif but does not include any of the SP
motifs (Fig. 1A). Only one of the peaks (fractions 49 and 50)
contained a potential SRR-1 kinase activity, which phosphor-
ylated the GST(149-183) fusion protein but not a mutant de-
rivative with serine-to-alanine changes of five of the conserved
serines (Fig. 1C). The two peaks of kinase activity showed
distinct elution patterns upon subsequent gel filtration, indi-
cating that they corresponded to different NFAT1 kinases.

To identify the SRR-1 kinase, we fractionated whole-cell
lysates from Jurkat cells over a series of ion-exchange and
chromatography columns (see Materials and Methods). Frac-
tions containing the largest amounts of SRR-1 kinase activity
were pooled and loaded onto a gel filtration column (Fig. 2A).
Silver-stained SDS-PAGE gels of the eluted fractions consis-
tently showed two to three bands between 35 and 40 kDa that
correlated strongly with the peak of SRR-1 kinase activity (Fig.
2A, fractions 87 to 90). Mass spectrometry demonstrated that
these bands contained CK1� (see Materials and Methods).
Western blot analysis of gel filtration fractions confirmed that
peak SRR-1 kinase activity coincided precisely with the frac-

tions containing the highest levels of CK1� (Fig. 2B, fractions
61 to 66). These fractions did not contain GSK3, which has
been suggested to be the main regulatory kinase for two NFAT
family members, NFAT2 and NFAT3 (6, 19) (see below).

The CK1 family is composed of several different gene prod-
ucts, including CK1�, CK1�, and CK1ε (reviewed in reference
21). Unlike CK1�, which has a very short C terminus, CK1ε
and CK1� possess a longer C-terminal region that becomes
autophosphorylated in the presence of ATP, resulting in the
rapid downregulation of kinase activity (8, 20, 46). Conse-
quently, CK1ε and CK1� are inefficiently detected by in vitro
kinase assays (8), leading us to ask whether these kinases may
have been overlooked during the multistep chromatography
protocol used to purify CK1� as an NFAT kinase. Western
blot analysis of fractions from each of the chromatography
columns revealed that CK1ε and CK1� cofractionated with
CK1� and SRR-1 kinase activity through all but the final gel
filtration step (Fig. 2C and data not shown), while GSK3 frac-
tionated away from SRR-1 kinase activity at the very first
chromatography step (Fig. 2C). These results strongly impli-
cate CK1 proteins as SRR-1 kinases for NFAT1.

We tested whether GSK3 could also serve as an SRR-1
kinase for NFAT1 (Fig. 2D). Purified recombinant GSK3 was
able to phosphorylate a fusion protein that encompassed the
entire regulatory domain of NFAT1, but only if the substrate
was previously phosphorylated in a “priming” step by PKA
(Fig. 2D; compare lanes 1 and 2), similar to what has been
reported for NFAT2 (6). Under identical conditions, GSK3
was also able to phosphorylate a shorter fusion protein con-
taining the isolated NFAT1 SP-2 motif (Fig. 2D, lanes 3 and 4).
However, GSK3 was incapable of phosphorylating the frag-
ment that contained only the NFAT1 SRR-1 region, even after
preincubation with PKA (Fig. 2D, lanes 5 and 6). In contrast,
a recombinant CK1� kinase (lacking its autoinhibitory domain)
phosphorylated the SRR-1 region robustly (lane 8). Similarly,
a truncated version of CK1ε lacking its autoinhibitory region
also had strong SRR-1 kinase activity (data not shown). Taken
together, these results demonstrate that CK1 is an NFAT1
SRR-1 kinase, while GSK3 phosphorylates residues in the
NFAT1 SP-2 motif in conjunction with a priming kinase.

A high-molecular-weight complex containing NFAT1 and
CK1. Since enzymes in a signal transduction pathway often
bind to their substrates, we asked whether CK1 proteins asso-
ciated with NFAT (Fig. 3). We generated GST fusion proteins
encompassing the N-terminal regulatory domains of NFAT
family members NFAT1, NFAT2, and NFAT4. Stable inter-
actions were readily detectable between the GST-NFAT fusion
proteins and CK1�, CK1ε (Fig. 3A), and CK1� (data not
shown) from HEK 293 lysates. No interaction was detected
between any CK1 kinase and GST alone (Fig. 3A). The inter-
actions of CK1ε and CK1� with NFAT1 and NFAT3 were also
established by coimmunoprecipitating full-length proteins ex-
pressed in HEK 293 cells (Fig. 3B and data not shown) as well
as endogenous proteins present in Jurkat T cells (Fig. 3C). The
interaction mapped to the first 319 amino acids of CK1ε (Fig.
3B, last lane), which contain its kinase domain; this domain is
virtually identical to the kinase domain of CK1� and is closely
related to that of CK1� (21). On NFAT1, the region of inter-
action mapped to the beginning of the N terminus, which
contains its transactivation domain (amino acids 1 to 98) (Fig.
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3D). These results show that there are stable interactions be-
tween CK1 kinases and each NFAT family member.

Based on these interaction experiments, we asked whether
NFAT1 might exist in a stable protein complex with CK1 (Fig.
4). T-cell extracts containing endogenous NFAT1 and CK1
were fractionated through a size exclusion column. Although
the fully phosphorylated form of NFAT1 migrates with an
apparent molecular mass of about 130 to 140 kDa on denatur-
ing SDS gels, NFAT1 in T-cell extracts eluted in gel filtration
fractions corresponding to an apparent molecular mass be-
tween 350 and 400 kDa (Fig. 4A, top panel). A significant

portion of CK1� and CK1ε kinases coeluted with NFAT1 (Fig.
4A, second panel; also data not shown). CK1�, which has a
molecular mass of about 37 kDa, migrated through the column
with two distinct peaks of elution: a fraction that eluted at the
expected molecular weight for a CK1� monomer (fractions 88
to 90) and a second, high-molecular-weight fraction that coe-
luted with NFAT1 at an apparent molecular mass of 	350 kDa
(fractions 62 to 64). CK1ε also demonstrated altered mobility
on the size exclusion column, eluting mainly in two peaks: one
that coincided with NFAT1 elution and a second at its ex-
pected molecular mass (	47 kDa) (data not shown). This is

FIG. 2. Identification of CK1 as an NFAT1 SRR-1 kinase. (A) (Top) Silver stain gel showing kinase-active fractions from a size exclusion
column. Arrow indicates the position of a band that cofractionates with SRR-1 kinase activity. (Bottom) The GST(149-183) fusion protein was
incubated with an aliquot from each column fraction in the presence of [�-32P]ATP to assay for the presence of NFAT1 SRR-1 kinase activity.
(B) Western blot analysis confirms that the distribution of CK1� coincides precisely with fractions containing NFAT1 SRR-1 kinase activity after
fractionation of T-cell lysates through several columns. (C) Western blot analysis of CK1ε and CK1� from an early anion-exchange column shows
that CK1� and CK1ε cofractionate with SRR-1 kinase activity, whereas both isoforms of GSK3 elute earlier and are distinct from the SRR-1 kinase
activity. (D) The NFAT1 SRR-1 motif is phosphorylated by purified CK1 but not by GSK3. For priming with PKA, GST fusion proteins were
prephosphorylated by PKA in the presence of cold ATP, washed thoroughly to remove PKA, and then used as a substrate for in vitro kinase assays
with GSK3 and [�-32P]ATP. Prephosphorylation of the fusion protein by PKA enables GSK3 to target GST-NFAT1(1-415) (lanes 1 and 2). Within
this domain, GSK3 is able to target the SP-2 motif when it is primed by PKA (lanes 3 and 4) but is not able to phosphorylate the SRR-1 region
(lanes 5 and 6). In contrast, purified recombinant CK1 phosphorylates GST-NFAT1(1-415) (lane 7) and the SRR-1 region (lane 8) without the
need for prior phosphorylation.
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consistent with our findings that endogenous CK1� and CK1ε
can be coimmunoprecipitated with NFAT1 in T cells (Fig. 3C
and 4C). In contrast, both isoforms of GSK3 eluted at their
expected molecular masses, well separated from the fractions
containing NFAT1 and CK1 (Fig. 4A, third panel). Cal-
cineurin, the NFAT phosphatase, eluted at a molecular mass
higher than that expected for the holoenzyme containing the
catalytic A subunit and the regulatory B subunit but did not
cofractionate with the NFAT1 high-molecular-weight complex.

The NFAT1-CK1 association is dynamic and sensitive to the
stimulation state of the cell. Gel filtration analysis of lysates
from ionomycin-stimulated T cells showed that the NFAT1–
CK1 interaction became weaker after stimulation with the
calcium ionophore ionomycin (Fig. 4B). After stimulation,
CK1 showed a pronounced change in its elution profile, with
only a minor fraction coeluting with NFAT1 while the majority

of CK1 shifted into fractions corresponding to the expected
size of the kinase alone (Fig. 4B, center panel). This effect was
prominent for both CK1� and CK1ε (Fig. 4 and data not
shown). In contrast, there was only a minor change in the
elution profile of NFAT1, suggesting the presence of other
proteins in the NFAT1 complex. The elution profiles of GSK3
and calcineurin showed no change (Fig. 4B and data not
shown). These results mirror those from immunoprecipitation
experiments showing that NFAT1 from Jurkat cells associates
with endogenous CK1� but that this interaction is almost un-
detectable in cells that have been stimulated with ionomycin
(Fig. 4C). Thus, cell stimulation concomitantly activates the
calcineurin phosphatase and leads to dissociation of the SRR-1
kinase.

CK1 and GSK3 synergize to effect NFAT1 rephosphoryla-
tion and nuclear export. Termination of calcium and/or cal-

FIG. 3. Interaction of NFAT family members with CK1. (A) GST fusion proteins containing the regulatory domains of NFAT proteins bind
CK1 isoforms. GST or GST fusion proteins encompassing the regulatory domains of NFAT1, NFAT2, or NFAT4 were incubated with HEK 293
cell lysates that were either mock transfected or transfected with CK1 isoform � or ε. Bound proteins were visualized by Western blotting and
sequential probing with antibodies against CK1� and CK1ε. (B) NFAT1 interacts with the kinase domain of CK1. Full-length HA-tagged NFAT1
was expressed in HEK 293 cells either alone, in combination with HA-tagged full-length CK1ε, or in combination with C-terminally truncated CK1ε
[CK1ε(319)]. NFAT1 was immunoprecipitated with an anti-NFAT1 antibody, and precipitated proteins were visualized by Western blotting with
an antibody against the HA tag. (C) Endogenous NFAT1 and CK1 stably associate. NFAT1 was immunoprecipitated from Jurkat T cells with
either an anti-NFAT1 antibody or preimmune serum. The presence of associated CK1 in the immunoprecipitates was detected by Western blotting
(WB) with antibodies against CK1� or CK1ε. (D) The region of NFAT1 that mediates CK1 binding maps to the N-terminal transactivation domain.
GST fusion proteins encompassing various regions of the NFAT1 regulatory domain were incubated with cell lysates transfected with CK1ε. Fusion
proteins able to associate with CK1 were detected by Western blot analysis using anti-CK1ε.
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cineurin signaling results in rephosphorylation of NFAT1 and
its export from the nucleus. We used untransformed T cells in
which we could monitor the behavior of endogenous NFAT1
to investigate whether CK1 or GSK3 plays a role in this process
(Fig. 5). Since several different CK1 family members are able
to bind and phosphorylate NFAT1 in vitro, we used CKI-7, a
cell-permeant inhibitor that affects all known family members
of CK1 (9). LiCl was used to inhibit GSK3 (30). To minimize
nonspecific effects, we exposed cells to the inhibitors for 2 h or
less.

Resting T cells were first incubated with LiCl, CKI-7, or a
combination of both inhibitors and then stimulated with iono-
mycin to induce dephosphorylation and nuclear import of en-
dogenous NFAT1. The calcineurin inhibitor CsA was then
added directly to the cells to synchronously initiate NFAT1
rephosphorylation and nuclear export. Immunofluorescence
revealed a striking difference in the kinetics of NFAT1 nuclear
export between control T cells and those treated with the
inhibitors (Fig. 5A). After 30 min of CsA treatment (Fig. 5A),
nuclear export of NFAT1 was essentially complete in control
cells, well under way in LiCl-treated cells, and barely initiated
in CKI-7-treated cells. One hour after CsA addition, NFAT1
nuclear export was complete in control and LiCl-treated cells,
in which the protein was predominantly cytoplasmic, but still
incomplete in CKI-7-treated cells, where NFAT1 was equally
distributed between the nucleus and cytoplasm. The combina-
tion of CKI-7 and LiCl was significantly more effective at
blocking NFAT1 nuclear export than either inhibitor alone; in
cells treated with both kinase inhibitors, NFAT1 remained
almost completely nuclear even 1 h after CsA addition (Fig.
5A).

Consistent with the delay in nuclear export, Western blotting
demonstrated that the combination of CK1 and GSK3 kinase
inhibitors resulted in a significant delay in the rephosphoryla-
tion of NFAT1 in T cells after CsA addition (Fig. 5B). The
finding that the inhibitors delay NFAT1 rephosphorylation and
nuclear export rather than blocking it completely most likely
reflects the fact that even when tested in vitro, high concen-
trations of the inhibitors do not completely abolish the ability
of recombinant CK1 or GSK3 to phosphorylate NFAT1 (Fig.
5C and D). Approximately 10 to 20% of kinase activity remains
in vitro, and this amount of kinase activity is likely sufficient for
slow rephosphorylation of NFAT1 in vivo. To ensure that
CKI-7 and LiCl were acting specifically on CK1 and GSK3,
respectively, we asked whether CKI-7 inhibited the kinase ac-
tivity of purified GSK3 (Fig. 5C). Using GST(1-415) that had
been prephosphorylated by PKA as a substrate, we showed
that concentrations of CKI-7 that efficiently inhibited CK1
kinase activity did not alter the ability of GSK3 to phosphor-
ylate the NFAT1 regulatory domain (Fig. 5C and D). Con-
versely, LiCl impaired GSK3 kinase activity by 
70%, as ex-
pected, but had only a minor effect on CK1 kinase activity (Fig.
5C).

CK1 controls NFAT1 nuclear import. The greater effective-
ness of CKI-7 than LiCl in prolonging the nuclear residence of
NFAT1 (Fig. 5A) is consistent with the proposed role for CK1
in phosphorylating the SRR-1 motif, the primary region con-
trolling nuclear localization signal exposure. It has been shown
previously that phosphorylation of conserved serines within the
SRR-1 region is critical for establishing and maintaining the
cytoplasmic localization of NFAT1 (41). Serine-to-alanine mu-
tation of conserved serines within the SRR-1 motif is sufficient
to cause partial constitutive nuclear localization of NFAT1 in
resting cells, even when the SP motifs remain fully phosphor-
ylated. In contrast, mutation of the SP motifs alone has no
effect on NFAT1 localization in resting cells (41). If CK1 is the
major constitutive kinase for the NFAT1 SRR-1 region, inhi-
bition of CK1 activity or disruption of CK1-NFAT1 association
would be expected to gradually decrease phosphorylation of
the SRR-1 region and promote partial nuclear localization of

FIG. 4. CK1 is complexed with NFAT1 in resting cells but dissoci-
ates upon stimulation. (A) Analysis of resting T-cell lysates fraction-
ated over a size exclusion column shows that NFAT1 exists in a high-
molecular-weight complex that coelutes with a subpopulation of CK1.
GSK3 and calcineurin are not part of this complex. Aliquots from each
fraction were separated by SDS-PAGE, and the elution profile of each
protein was visualized by Western blotting. (B) Stimulation of T cells
with the calcium ionophore ionomycin before fractionation of lysates
over a size exclusion column results in dissociation of CK1 from the
NFAT1 complex. CK1 no longer elutes in two peaks but elutes pri-
marily in fractions corresponding to the expected molecular weight for
a monomer of the kinase. (C) Jurkat cells that were either resting
(R) or stimulated with 1 �M ionomycin (iono) in the presence of 2 mM
CaCl2 were lysed and subjected to immunoprecipitation with an anti-
body against the C terminus of NFAT1. Endogenous CK1� can be
coimmunoprecipitated with NFAT1 from resting cells but not from
cells that have been stimulated. WB, Western blot.
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FIG. 5. CK1 and GSK3 coordinate to effect rephosphorylation and nuclear export of NFAT1. (A) D5 T cells were preincubated for 1 h with
CKI-7, LiCl, or a combination of both inhibitors. Control cells were incubated with a corresponding amount of DMSO and/or NaCl. Cells were
stimulated with ionomycin to induce dephosphorylation and nuclear translocation of NFAT1. Calcineurin activity was subsequently inhibited by
addition of CsA to the cells, which were attached to coverslips and fixed in paraformaldehyde at the indicated time points. The subcellular
localization of endogenous NFAT1 was visualized by indirect immunofluorescence. (B) D5 T cells were preincubated with inhibitors and then
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NFAT1 in resting cells, whereas inhibition of GSK3 or other
SP motif kinases should have little or no effect.

HeLa cells stably expressing a GFP-NFAT1 fusion protein
(Fig. 5E) were incubated with CKI-7 or LiCl in the presence of
LMB (54), an inhibitor of NFAT nuclear export which facili-
tates detection of nuclear translocation by preventing any nu-
cleocytoplasmic shuttling of NFAT (28, 41, 57). In control
HeLa cells treated for 2 h with LMB but no kinase inhibitors,
the bulk of NFAT1 is excluded from the nucleus (Fig. 5E, left
panel). Cells treated with LMB and LiCl did not differ detect-
ably from control cells (center panel); in contrast, cells treated
with LMB and CKI-7 showed a noticeable increase in nuclear
NFAT1 staining relative to that in cells treated with LMB
alone, with similar intensities of NFAT1 staining in the nucleus
and the cytoplasm (right panel). Identical results were ob-
served for endogenous NFAT1 in T cells (data not shown).
These results are completely consistent with our findings that
CK1 is responsible for SRR-1 phosphorylation and that this
region is, in turn, primarily responsible for NFAT1 nuclear
import. Similarly, the fact that the GSK3 inhibitor LiCl did not
promote the nuclear import of NFAT1 is consistent with our
findings that GSK3 is an SP motif kinase but not an SRR-1
kinase and that mutations which mimic dephosphorylation of
the SP motifs do not alter the subcellular distribution of
NFAT1 in resting cells.

Mutation of the CK1 docking site deregulates NFAT1 local-
ization. Although use of the CKI-7 inhibitor altered NFAT1
localization in cells, general concerns about inhibitor specificity
led us to seek an additional method to validate the role of CK1
in NFAT1 regulation. Since NFAT1 and CK1 are stably asso-
ciated in resting cells (Fig. 4), we asked whether disruption of
the NFAT1–CK1 association would affect NFAT1 localization.
We had mapped CK1 binding to the first 98 amino acids of
NFAT1 (Fig. 3D). To identify potential docking motifs present
in this region, we aligned the N-terminal sequences of the four
NFAT proteins with the PER circadian-rhythm proteins (see
Fig. 7A), which have also been shown to associate directly with
CK1. Remarkably, this comparison identified a common F-X-
X-X-F sequence, present both in the N-terminal region of
NFAT proteins and in the region of PER proteins shown to
bind CK1 (51, 53) (Fig. 7A). The CK1-binding region of
NFAT1 also contains an LDFS motif (Fig. 7A), previously
identified in a subset of helix-loop-helix transcription factors
(38); however, this motif is only loosely conserved among
members of the NFAT family and does not appear to be
conserved in other CK1 targets.

We tested whether mutating the F-X-X-X-F and LDFS mo-

tifs affected NFAT1-CK1 association or NFAT1 nuclear local-
ization. Mutation of the entire LDFS motif or the phenylala-
nine residues within the overlapping F-X-X-X-F motif
drastically reduced the ability of GST-NFAT1 fusion proteins
to bind CK1 (Fig. 6A), whereas mutation of other, nearby
residues did not alter NFAT1-CK1 interaction (“DE” in Fig.
6A; data not shown for other mutations). In cells, NFAT1-GFP
fusion proteins with alterations in either the LDFS or the
F-X-X-X-F motif were constitutively localized to the nucleus,
in this respect resembling proteins with mutations of the
SRR-1 serines themselves (Fig. 6B). In contrast, mutations of
adjacent residues that did not affect CK1 binding did not alter
the cytoplasmic localization of NFAT1 (DE in Fig. 6B; data
not shown for other mutations). Remarkably, a single point
mutation (F34A) which disrupted NFAT1-CK1 binding (Fig.
6A) sufficed to upset proper localization of NFAT1 in resting
cells (Fig. 6B), presumably by interfering with phosphorylation
of the SRR-1 motif by its regulatory kinase. These data provide
strong genetic evidence that the F-X-X-X-F motif controls
NFAT1 phosphorylation at the SRR-1 motif by serving as a
docking site for CK1.

Since the F-X-X-X-F motif is also present in PER proteins
(Fig. 7A), we tested whether mutating this motif would affect
the binding of CK1 to PER. Mutation of this motif in the
context of a fusion protein containing the CK1 binding domain
of mPER2 abolished the ability of this known CK1ε target to
bind to its regulatory kinase (Fig. 7B). Thus, the F-X-X-X-F
motif may prove to be a conserved CK1 docking site in diverse
classes of proteins.

DISCUSSION

A modular mechanism for NFAT phosphorylation and func-
tion. Although a number of candidate kinases have been pro-
posed for each NFAT protein, it seems unlikely, in light of the
characteristic sequences of the conserved motifs and the dis-
tinct sequence preferences of the proposed kinases, that a
single kinase phosphorylates the almost 20 different phosphor-
ylation sites that exist in the regulatory domains of NFAT
proteins. Here we provide evidence that the two major classes
of conserved serine motifs in the NFAT1 regulatory domain
are phosphorylated by different kinases. Specifically, CK1 se-
lectively targets the SRR-1 motif, and disruption of CK1-
NFAT1 association is sufficient to cause aberrant nuclear lo-
calization of NFAT1 in resting cells. CK1 shows a preference
for phosphorylating targets three residues downstream of an
acidic or prephosphorylated amino acid [(pS/pT/E/D)-X-X-(S/

stimulated with ionomycin (iono) as for panel A. CsA was added to cells, and the phosphorylation state of NFAT1 at various time points after CsA
addition was determined by quickly lysing cells in boiling SDS sample buffer. Western blotting was performed with an anti-NFAT1 antibody.
(C) CKI-7 does not inhibit GSK3 kinase activity. GST(1-415) was prephosphorylated by use of PKA with cold ATP before being washed extensively
and incubated with increasing concentrations of CKI-7 in the presence of [�-32P]ATP and either GSK3 or CK1. LiCl and NaCl (each at 10 mM)
were used as positive and negative controls, respectively, for inhibition of GSK3 activity. (D) Quantitation of the ability of CKI-7 to inhibit GSK3
and CK1. GST(1-415) was incubated with either GSK3 or CK1 in the presence of CKI-7 as described for panel C. Radiolabeled GST(1-415) was
then separated by SDS-PAGE, and incorporation of 32P into the fusion protein was quantified by phosphorimager analysis. (E) Inhibition of CK1
or GSK3 mimics the effect of mutating the SRR-1 or SP motifs. Resting HeLa cells stably expressing the NFAT1(1-460)-GFP fusion protein were
incubated for 2 h in the presence of LMB in addition to the inhibitor DMSO, LiCl, or CKI-7 before being fixed and visualized by GFP fluorescence.
Inhibition of CK1 results in partial NFAT1 nuclear localization in resting cells, reminiscent of NFAT1 localization after SRR-1 mutation. LiCl has
no effect on endogenous NFAT1 localization in resting cells, in agreement with a role for GSK3 in phosphorylation of the SP motifs but not the
NFAT1 SRR-1 motif.
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T), where pS/pT is a phosphoserine or phosphothreonine and
S/T is the target serine or threonine residue] (16, 39). Thus,
phosphorylation of the first serine in a repeating sequence,
S-X-X-S, would create a CK1 recognition site for the next
serine, enabling processive phosphorylation of five of the seven
serines in the SRR-1 motif (Fig. 7C), as observed in cells (41).
Such a pattern of processive phosphorylation by CK1 has also
been suggested for the PER proteins (51) (Fig. 7C).

We have also shown that GSK3 does not phosphorylate the
SRR-1 region but can phosphorylate the SP motifs after a
priming phosphorylation. Notably, previous mass spectromet-

ric analysis of cytoplasmic NFAT1 from resting T cells did not
yield any evidence of stable, stoichiometric phosphorylation at
the postulated priming sites (41) and suggested that GSK3
functions as an NFAT1 export kinase rather than as a consti-
tutive kinase that maintains SP motif phosphorylation in rest-
ing cells. Consistent with this, the GSK3 inhibitor LiCl did not
cause nuclear localization of NFAT1 even in LMB-treated
cells, but it did delay NFAT1 export from the nucleus (Fig. 5).
In contrast, CK1 inhibitors caused NFAT1 nuclear import in
LMB-treated cells and also delayed NFAT1 export from the
nucleus (Fig. 5); these results suggest that CK1 both maintains

FIG. 6. Docking-site mutations that disrupt NFAT1–CK1 association also result in aberrant nuclear localization of NFAT1. (A) Mutation of
residues within the F-X-X-X-F motif disrupts association of NFAT1 and CK1. (Left) The mutations shown were introduced into GST proteins
containing the first 100 amino acids of NFAT1. (Right) The GST proteins were incubated with cell lysates expressing CK1ε, and the ability of the
fusion proteins to interact stably with CK1 was detected by Western blotting. Mutations that altered either phenylalanine within the docking motif
of NFAT1 virtually abolished NFAT1-CK1 interactions, but substitutions in nearby amino acids not affecting these residues did not diminish the
association. (B) Mutation of the CK1 docking site interferes with proper localization of NFAT1. (Top) GFP-NFAT1 proteins containing mutations
in the CK1 binding motif were transfected into HeLa cells, and their localization was visualized by fluorescence. Mutations that affected the ability
of CK1 and NFAT1 to associate stably, as seen in panel A, also resulted in improper localization of NFAT1. The constitutive nuclear localization
of CK1 docking-site mutants is similar to that observed upon mutation of the target serine residues in the SRR-1 motif (bottom panel). Mutations
that did not affect CK1-NFAT1 associations, as shown in panel A, also did not affect NFAT1 localization. (Bottom) Two representative fields from
an NFAT mutant with substitutions of the target serine residues in the SRR-1 motif, showing different degrees of nuclear localization.
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SRR-1 phosphorylation under resting conditions and plays a
role in its rephosphorylation in the nucleus.

It is clear from our own previous work and that of others
that the conserved SRR and SP motifs behave as individual
modules that regulate NFAT function. Serine-to-alanine mu-
tations which mimic dephosphorylation of the SRR-1 motif

result in constitutive nuclear localization of NFAT proteins but
do not affect the DNA binding of NFAT, indicating that the
phosphorylation state of the SRR-1 motif primarily regulates
exposure of the nuclear localization sequence in the regulatory
domain (5, 41, 42). In contrast, the phosphorylation state of the
SP motifs appears to be more important for controlling DNA
binding affinity: mutations that mimic dephosphorylation of
the SP motifs increase NFAT DNA binding (40) without af-
fecting NFAT1 localization in resting cells (41). As a result,
NFAT1 SRR-1 mutants are constitutively nuclear but exhibit
only partial transcriptional activity under conditions where the
SP motifs remain phosphorylated (J. Aramburu, H. Okamura,
and A. Rao, unpublished data). Our present work demonstrat-
ing that these motifs are targeted by two different kinases sheds
light on why a single protein requires so many different phos-
phorylation sites. Regulation of each modular cluster of phos-
phorylation sites by a separate kinase allows for finely tuned
control over each aspect of NFAT activation, from subcellular
localization to DNA binding to transcription.

Implications for differential regulation of individual NFAT
family members. The level of NFAT activity at any given time
is determined by the balance of calcineurin-dependent activa-
tion and kinase-mediated deactivation (23, 47, 52). Regardless
of which NFAT family member is being considered, a single
phosphatase, calcineurin, recognizes and dephosphorylates all
phosphoserine residues relevant for NFAT activation. Yet
there is growing evidence that even in a single cell, where all
NFAT proteins are subject to the same parameters of Ca2�-
calcineurin signaling, individual NFAT proteins may show very
different patterns of subcellular localization (reviewed in ref-
erence 23). For instance, NFAT1, NFAT2, and NFAT4 are
present in skeletal muscle cells at all stages of myogenesis but
exhibit distinct patterns of nuclear translocation depending on
the specific stage of muscle differentiation (1). Similarly, only
NFAT2 translocates to the nucleus in human pulmonary valve
endothelial cells treated with vascular endothelial growth fac-
tor, even though these cells also contain NFAT1 and NFAT4
(26). Likewise, NFAT2 is dephosphorylated and nuclear in T
cells stimulated for 5 to 6 h, at the same time that NFAT1 is
being rephosphorylated and exported to the cytoplasm (35; H.
Okamura and A. Rao, unpublished data). In yet another ex-
ample, NFAT3 is completely localized to the nucleus in resting
astrocytes, while NFAT1 is predominantly cytoplasmic in the
same cells (A. Benedito, A. Rao, and A. Bonni, unpublished
data). Finally, short calcium pulses lead to sustained localiza-
tion of NFAT3 in the nuclei of hippocampal neurons (19),
whereas a similar short calcium pulse in T cells leads only to
transient, low-level activation of NFAT1 (14, 15).

If all NFAT proteins are dephosphorylated by calcineurin,
what is the basis for the differences in regulation among the
NFAT family members? The concept that NFAT is regulated
by multiple kinases provides a new insight into the mechanisms
of NFAT activation, allowing for individual control of each
family member even in the presence of an active phosphatase
that is common to the regulation of all. NFAT deactivation by
CK1 and GSK3 is likely to be sensitive to changes in a variety
of other intracellular signaling pathways. For instance, the
activity of GSK3 is suppressed by Akt, a kinase activated in
response to diverse signaling pathways in different cell types
(13). Additionally, GSK3 prefers targets that have been pre-

FIG. 7. The F-X-X-X-F motif also serves as a CK1 docking site in
the PER circadian-rhythm proteins. (A) Sequences of F-X-X-X-F mo-
tifs in NFAT and PER proteins thought to interact with CK1. (B) Mu-
tation of the F-X-X-X-F motif in mPER2 abolishes binding to CK1ε.
Mutations targeting the phenylalanines shown in panel A were intro-
duced into GST fusion proteins containing mPER2 residues 583 to
765, which encompass most of the CK1 binding domain. Fusion pro-
teins were incubated with HEK cell lysates and analyzed for the ability
to interact with endogenous CK1 by Western blotting (WB) using an
antibody against CK1ε. GST fusion proteins containing the wild-type
CK1 binding domain of mPER2 (amino acids 583 to 765) or NFAT1
(amino acids 1 to 100) were able to associate with CK1ε, while GST
alone or fusion proteins carrying mutations in the F-X-X-X-F motif
were unable to interact with the kinase. (C) Processive phosphoryla-
tion by CK1. See Discussion for details.
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phosphorylated by a priming kinase. Thus, after exposure to
stimuli that activate calcineurin-mediated dephosphorylation,
direct modification of NFAT by an inducible kinase could
provide a priming phosphorylation site that would preferen-
tially increase its sensitivity to GSK3 and facilitate rephospho-
rylation. The rate of NFAT deactivation would therefore be
influenced by which inducible kinases were active under the
particular stimulation conditions imposed and whether the
NFAT proteins available to the kinases possessed the appro-
priate sequences for docking and target recognition.

An interesting illustration of such a mechanism is provided
by mitogen-activated protein (MAP) kinases, which have been
reported by several groups to oppose the nuclear accumulation
of NFAT (10, 17, 42, 56). MAP kinases can selectively phos-
phorylate NFAT proteins at the Ser-Pro sequence at the be-
ginning of their SRR-1 regions (see Fig. 7C); JNK1 phosphor-
ylates NFAT2 and NFAT4 (10, 42), while p38 may selectively
target NFAT1 and NFAT3 (17, 56). As inducible kinases that
phosphorylate only a limited subset of residues in the NFAT
regulatory domain, MAP kinases are unlikely to be responsible
for maintaining NFAT proteins in a phosphorylated and inac-
tive state in resting T cells. However, phosphorylation of the
initial Ser-Pro sequence in the SRR-1 region could promote
processive phosphorylation of the entire SRR-1 region by
CK1. Although CK1 can clearly phosphorylate NFAT1 without
any requirement for priming activity (Fig. 2D), as predicted for
a constitutive kinase that maintains NFAT phosphorylation in
resting cells, the MAP kinase-mediated mechanism would se-
lectively enhance nuclear export in stimulated cells of those
NFAT family members that were specific targets for the MAP
kinase in question.

Parallels with other signaling pathways regulated by CK1.
In both the Wnt and Hedgehog signaling pathways, CK1 co-
ordinates with GSK3 to phosphorylate and negatively regulate
a transcription factor anchored in the cytoplasm. This echoes
the theme of NFAT regulation documented in this study, al-
though in each of these cases the kinases coordinate their
activities in a slightly different way. In the case of Wnt signal-
ing, CK1 acts as a priming kinase for GSK3 on the �-catenin
transcriptional activator (3, 34). In the Hedgehog pathway,
PKA serves as a priming kinase for adjacent GSK3 and CK1
sites on the transcription factor Ci (25, 32, 43). In the Drosoph-
ila circadian clock, the PER proteins are phosphorylated by the
CK1ε homolog Double-time, while the heterodimeric partner
of PER, Timeless, is phosphorylated by the GSK3 homolog
Shaggy, which in turn may be primed by CK2 (2, 33). In
contrast, for NFAT regulation, CK1 acts independently of
GSK3 to phosphorylate the conserved SRR-1 motif, while the
combination of a priming kinase and GSK3 could phosphory-
late the conserved SP motifs to facilitate NFAT nuclear export.
Notably, PKA and CK2 could conceivably both serve as prim-
ing kinases for GSK3, since they would target the same resi-
dues in the SP motifs (42, 50).

Interestingly, the F-X-X-X-F motif, which we have identified
as an NFAT docking site for CK1, is also present in proteins
regulated by CK1 in the Wnt and Hedgehog pathways (e.g.,
�-catenin, APC), but whether the motif serves as a docking site
for CK1 in these cases has not been determined. The situation
is clearest for the PER proteins, which serve as both substrates
and direct binding partners for CK1ε, and in which the F-X-

X-X-F motif is necessary for mediating CK1 association (Fig.
7B). While the presence or absence of an accessible F-X-X-
X-F motif may have predictive value in determining whether or
not a given protein binds directly to CK1, it is likely that other
CK1 binding motifs exist, since proteins such as axin and di-
versin, which are thought to bind CK1, do not contain a de-
tectable F-X-X-X-F motif.

What coordinates the activities of multiple kinases that func-
tion concurrently to control the activity of a single transcription
factor sequestered in the cytoplasm? In the canonical Wnt/�-
catenin pathway, negative control of the transcriptional acti-
vator �-catenin is exerted in the context of a cytoplasmic reg-
ulatory complex that includes the scaffolding protein axin, the
tumor suppressor APC, the protein phosphatase PP2A, and
the CK1 and GSK3 kinases (3, 24, 34, 48, 49, 55). In an
analogous manner, it is possible that scaffolding proteins serve
to assemble NFAT1 and its regulatory kinases into a multi-
component complex. The high-molecular-weight complex that
contains NFAT1 and CK1 in resting T cells does not appear to
contain GSK3 or calcineurin (Fig. 4), although we cannot rule
out the possibility that these proteins do not remain stably
associated under the conditions used. Since the apparent mo-
lecular weight of this complex is higher than that expected for
NFAT1 and CK1 alone, an intriguing possibility is that adaptor
proteins and additional kinase activities are present in this
complex. This would be an efficient and sensitive method of
finely modulating the phosphorylation status of NFAT in re-
sponse to different intracellular signals, thereby regulating the
subcellular localization, DNA binding, and transcriptional ac-
tivity of this important transcription factor.

ACKNOWLEDGMENTS

This work was supported by NIH grants AI 40127 (A.R.) and GM
60387 (D.M.V.) and by American Cancer Society grant IRG199A, a
grant from the L. E. Gordy Cancer Research Fund (J.Q.), and a grant
from the Sandler Program for Asthma Research (A.R.). H.O. is a
recipient of a Cancer Research Institute Postdoctoral Fellowship and
an NIH Program in Cancer Biology training grant (T32 CA72320).
C.G.-R. was a recipient of a Lady Tata Memorial Trust Fellowship.

REFERENCES

1. Abbott, K. L., B. B. Friday, D. Thaloor, T. J. Murphy, and G. K. Pavlath.
1998. Activation and cellular localization of the cyclosporine A-sensitive
transcription factor NF-AT in skeletal muscle cells. Mol. Biol. Cell 9:2905–
2916.

2. Akten, B., E. Jauch, G. K. Genova, E. Y. Kim, I. Edery, T. Raabe, and F. R.
Jackson. 2003. A role for CK2 in the Drosophila circadian oscillator. Nat.
Neurosci. 6:251–257.

3. Amit, S., A. Hatzubai, Y. Birman, J. S. Andersen, E. Ben-Shushan, M. Mann,
Y. Ben-Neriah, and I. Alkalay. 2002. Axin-mediated CKI phosphorylation of
beta-catenin at Ser 45: a molecular switch for the Wnt pathway. Genes Dev.
16:1066–1076.
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